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FOR CONSTAKT-SFEED PROPELLERS o LT

By Elliott G, Reid B
SUHMARY : e

An experimental investigation of the influences of e e
blade shank form and pitch distributior upon the aerodynamlc__ N
characteristics of constant-speed pr0pellers has ‘been car-

ried out at Stanford University. -

It was found that the replacement of round blads shanks . _--=
by faired ones prdéduced substantial improvements of effi- s
ciency which increased with the advance ratio. Pesk effi=- - -~ —
ciencies were slightly augmented by the use of unusumally T
thin shank profiles but at the cost of serious impairment of
the characteristics for reduced advance ratios; the latter
effect is ascribed to the stalling characteristics of thae. . __ ... _
thin profiles, It was also found that objoctionable digcon-
tinuities of performance occurrcd whon the pitech angles of

exposcd shank clements excoodod 90°, o R “mf“:%@;

Analyeils of the characteristics of models with.systewn- .
atically related distributions of both uniform and nonupi- -~ -
form design pitch revealsd thaet uniformlty of the dfigles of _
attuck 6f the blade elements is the best criterion of effl-“
ciency in unstalled operation, The test results indicate -
that this requirement is most nearly satisfied over a wide_
range 0f operating conditions by the'pltch distribution de~ N
fined by a blade twist curve which is the envelope of_tHe o
twist curves for all blades of uniform desizgn pitch, It is - - - —

belisvod fthat the roots of such blades should be washed out;A_
if they are to operate in the prescnce of substantlal bodv )
interfarcnce, : . _ B S Y

EEVRPEE

In an appernded note on the selection of-propellers, -~ "~
special attention is given to the effects of overloading,

RESTRICTED R Y
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INTRODUCTION . S

The necessity of selecting a pitch ratio appropriate to
the anticipated overating conditions was indicated by the
earliest systematic experiments madse on aircraft propeliers.
Lowever, the first tests of an adjustable-pitch propeller =~
(reference 1) demonstrated that, within the limited range
then investigated, optimum efficiency could be closely ap-—

proached by simply rotating dlades of relatively small uni-
form design pitch to angles larzger or smallser -l-'h those fo

il “ 5 id T oy ody vily

which thoy had becn desi ned. Some subsequent ‘studies of _
controllable propellors %o.g., referonces 2 and. 3) have indi-
cated the desirability of incereasing the design piteh ratio,
particularly for operation at large values of the advance
ratio, but contradictory svidence will be found in reference
4, The advent of the constant—~speed propeller and the ocon-
tinuous improvement of airplane performance with engines of .

EE=—ta— ]

erating conditions as t0o necessitate that the 1nfluenues of
pltch distribution e systematically re- emamlned from the
viewpoint of current practice,

When the first adjustable metal vlades were developed,
structural considerations led to the substitution of ciron-
lar blade shanks for the previously used ones of airfoil
profile, The advantages of adjustablllty and of thlnner

of round shanks that bdlades of such form were eagerly ac~ ,
cepted and etill hgve wide use despite the aerodynamic cru-
dity of their inner sections, Recently, auxiliary “cuffs®

and shanks of airfoil profile have had limited use in an of-~
fort %o suppress this source of incfficiency, but conflict-
ing flight test reports .and theo laclk of comprehensgive lab-

oratory data have left some doubt of the practical value of
such rofinements,

The present investigatlion was undertaken in an effort
to clarify both of the questions outlined in the preceding
parasraphs, The influences of blade root form were studied
by testing model propellers with round shanks, similar mod-
els ecguipped with replicas of streamline cuffs adeauate Ffor
the enclosure of such shanks, and still cther models slmTlar
to the first except for the use of relatively thin air-
foil profiles for the shank sections., The question of piten
distribution was investigated by testing two families of
models, both of which hatve thin shanks of airfoil profile.
The first, of the uniform pitch type, have degign blade
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angles which range from 24° to 60° at 0,76 tip radius. The
second group consists of three sets of blades which incorpo-
rate as many progressive departures from uniformity of de-
sign pitch and one set in which washed-out roots ars combined
with outer sections of uniform pitch, The tests were made in
the absence of substantial body interference, and the same
small spinrner was used to enclose all model hubs,

This investigation, conducted at Stanford University,
was gponsored by, and conducted with financial assistaace .
from, the Natioral Advisory Committse for Aeronauntics,

SYIB QLS.
D diamoter, fsot ‘_ -
R tip radius, feet _
A disk area (wR®), square feet o o e
B aumber of Dblades e T T
r radius of element, feset
b ¢hord of slement, fset o -
h megximum thickness of element, feet

alr density, slugs per cubic foot

v airspeed, feet per second

n rotative speed, revolutlions per second

V/nD advance rasio (replaced by J in figs. D and 2)

P power input, foot-pounds per second ' ——— T
T thrust, pounds e

Cp - power coefficient (P/pn®D®) e
O thrust coefficient (T/pn2D4) a

n efficiency (GmV/GPnD) . = .
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ul ideal efficiency (n3®°/l1-ny = 2 p AVZ/T)

Cpp  thrust-power coefficient (mCp)

B Pritch angle of element, degrees (refgrence~phord 1ina)
B! piteh angle of elsment, degrees (reference 1ift ax1 )

B'q pltch angle of %tip element, degrees (reference—liit

axis) S
¢ effecti heli - _¥ .
ctive helix angle tan , deprees
2mrrn o
o angle of attack (¢ ~ B!'), degrees {?J ] Loz
Ao range of variation of angle of attack (“max - Gpsn)s
degrees. (Elements between r/R = O, 15 and t
I‘/B':: 00950) - o™

1LODELS AND APPARATUS

The model propellers used for this investigation incor- -
porated 13 different forms of adjustable-pitch duralumin )
blades. All models were of 33.6 inches diameter and wers
egulpped with 0.15D spinners of the form illustrated in fig-~ }
ure A. The closely fitted masiks which covered the spinner -
apertures nay be secn in this photograph and attontion is -’
callod to0 the absence of body interfercncs. e T E

Four~blade models were utilized for the study of blade
shank form because four suitable models of this type were " —
already available, Since they previously had bcen tested in
combination with a wing—nacelle model, the consitruction of
two now four-~blado models made 1% possible to cover the
rangce of blgde shank forms doesired for the presont oxperi- |
ments and, at tho same time, 0 determino tho charactoeristics
of the cxisting models in tho absence of body interfercnce.

Cn tho othor hand, cconomy dictated the usc of throe~blade
models for tho study of pitch distribution.

The principal design ckaracterisitics of the various
blade forms are presented in figures 1 to 6, Figures B and
C are photographs of representative members of the group.
Before envmerating the distinguishing features of these
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models, it may be well %o call attention to the following
common characteristics: With exception of Hodel P, the pro-

totype which has round shanks, all the models rapresent pro=

pellers the blade shanks of which are enclosed by cuffs, or
are equipped with fairings, of airfoil profile. HMoreover,
the profiles and plan forms of the exposed povtions of theﬂe
blades = that is, the portions outboard of the cuffs or
fairings - arp, with negligible exceptions, identical with
those of Hodel P. The blade widths and thicknesses will be
found in figure 1. All the blades have HACA l16-geries pro-
files between the tip and the station =r/R = 0,785. Between
this statior and the outer limits of the cuffs, a transitlon
t0 a modified Clark Y profile is effected. Sections of the
Clark Y family are retained for the cuffs of ilodels Py, Pgy,

and Ppgs in all other models, a transition back to NACA 16~

series profiles occurs within the length of the cuff or rpot
fairings In Dboth of these groups, the profiles of the root
sectlions are of symmetrical, although not identical, form,.

. Six models, the design blade angle curves of which will
be found in fignre 2, were used for tho study of blade shank
form, They have the following distinctive characteristics:

Hodel P.,~- A conventional tvpc blade of uniform goomet-
ric design pitch (BO msp = 24 ®°) with relatively wide $ip and

go-called round shank, Attontion is callod %o the moasurc—
mont of B with roference %0 the nominal chord line and to
the fact that degcncration of the airfoil profile into a

circular section is complcto only at tho innormost section’
of the blade, (Sce figs. B, C, and 1,) T

izodel Py ropresonts llodel P oquipped with a cuff of

Olark Y profile; tho goomobric pitck of the cuff is the same
as that of the outer portion of the tlade,

iiodel Pyy represents Model P equipned with a refined

Olark ¥ cuff which has smaller radial and chordwise dimen-
sions than those of P, and incorporates a washout of 12?.

(Fote: Washout specified is that at the spinner surface.)

Hodel Ppg differs from Pgyg only in pitch distridbution;

the outer blade angles differ very sllghtly (‘ig. 2) but the

cuff washout is 16 in thie cass.
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liodel Pgy represents a blade of the same outer_p;EE;_

form and profiles as in P, but with larger design pitch T
(Bo,75R = 30°) and a faired shank of unusuelly small thiclk-
ness, (See fig. 1.) -

Hodel Pps is identical with Pgyp except for a washout of
10° in the faired shank. T

The eight models tested to determine the influencas of
pitch distribution incorporate the following features:
U-Series (iiodels U-24, U-36, U-48, and U-60). All those
Plades have plan forms and profiles_identical with those of
Ppy and Pgp; their blade angle ourves are shown in figure 3.

In this case the bladce angles arc those measured with refer- - -
once to the l1ift axes or "ao 1ift lines" of the profiles and
are thereforc dosignated by B'. The dosign pitch of ocach
of theso blados is uniform ia the truc acrodynamic, rather
than the arbitrary geometric, sensee; that is, the relation-
ship - L

P = 2nr tan B! = constant -

is satisfied for all valueg of =, The numerical designa-
tione of the U models are simply the &esign values of §! L
(in deg) at /R = 0,75, T

Since thé only consequential result of changing the de-
sign pitch .of the blades of a controllable or constant-
speed propeller is to0 alter the twist, or variation of blade
angle between root and tip, the significant differences be-
tween such blades as those of the U-series can best be II-
lustrated by comparison of their twist curves, VGrtlcal
displacement of theo curves of figure 3 by such amdunts as to
reduce the tip blade angle F'm to zoro in cach casd yiclds

thoe intorosting rcsult shown in figuro 4.* Tino small order
of the difforoncos Deoitwoen the angles of twist for thosao )
bladcs tho dosign pitchos of whick diffor so widoly is, per-
haps, loss surprising than tho fact that tho twist curves of
uniform—pitch propollcrs appdar to definc an onvelope, Ip-
vestigation reveals that tho oquation of tb1s onvolope is

B! - B'p = cot™*/r/R2 - tan"*J/r/R @

- =l

*Similar curves for modols of the P-~sories aroc shown
in fig. 35; tho irrecgularitics apparont thoro result from theo
common dcsign practice of Pasing pitch calculations upon ”
valucs of B rathor than BY.
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This relationship was utilized in the design of %the
E-Series (¥odels O0.8E, 0,6E, and 0,4E), These models differ
from those of the U-series only in that they are of nonuni-
form design pitch; their twist curves appear in figure 6,
The ordingtes of these curves were derived from those oI the
envelope curve by mul$iplying the latter, successively, by
0.8, 0.6, and 0.4, The "fractional envelope™ models whick .
incorporate these twist curves are corresp0nd1 gly deslg-
neted, :

Hodel Pgs.~ Tests of a three-blade model of this type

were added %0 the original program for the study of pitch
distribution. -

The experimental work was conducted 1in the 7.5-Toot
wind tunnel of the Guggenhein Aeronautic Laboratory of -
Stanford University., Descriptions of this tunnel and of the
propeller dynamometer will Pe found in reference 5., The
only departure from previous practice was the reduction of
the diamotsr of the dvynamomoter shroud to that of the spin-
ner; this was donc 30 eliminate tvhe stopped contour associ—
ated with the provious toclescoping arrangcment and had tho ™
degirable offcect of reducing the difference between ‘the
prassurc on the back of the spinner and tho static pressuroc
of the air stroam. — . e

TESTS ANTD TECHENIQIE C S

The experiments were conducted in accordance with es-
tablisned Stanford praciice, which is to test model propel-
lers at fixed rotativs sneeds and to vary the advance ratio
by alterlng the airspeed., DListed below are the hlade _ .
angles® and corresponding rotative speeds at which each mod-
el was tested in the course of the present 1nvestlgation.__ '

Four-blade models: P, Pg, Pgz, Pgs, Pois Pgz
Bo.7sR (deg) _ 20 30 40 50 60
Rotative speed, rpn 210C 1740 1314 .. 996 744
Three-blade models: U-series, E-serios, and Pga.

Bo.75m (deg) 12 24 36 48 6¢
Rotative speed, rpm 2100 2100 1470 1056 __744

*Wominal angles, PB; reference - arbitrary chord line,
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The airspeeds ranged from spproximately 90 mph t0 the lowvest
values at which reliable observations of dvnamlc pressure .
could be made, o e ormm et el e
To insure against errors of blade setting, observation
or computation, two test¢ were made on each model at each
pitch setting. Upon completion of the first test of each
pair, the model was removed from the dynamometer and the _
Plade angles wers carefully checked; upon completion of the
second tost, the procedure wgs repeated. In the check run,
Observations were made at airspeeds so chosen that the cor-
responding values of V/nD wvere staggored with respcct to
those of the original test. Data were rejected amd experi-
ments repeated in all instances in whickh the results of the-
paired tests exhibited any substantigl or con51stent difzer—
ance,

The data observed at each airepeed were thrust, torque,
dynamic pressure, rotative speed, barometric pressure, wel-
and dry-buld temperabtures, and pressure on the back of the -
spinner, The number of such sets of simultaneocus observa-
tions made during a single test varied from 11, when By wsy .
= 129, to 22, in the case of the 60° setting. o L

REDUCTION OF DATA

The experimental data have been reduced %o the usual
nondimensional forns - :

Cp = P/pn®D% - - Cp = T/pn®D*

For the calculation of OCp, %the measured thrusts were cor-
rected to the values whlch woreld have prevailed nad the ~~ -
Pressure on the back of the spinner been equal to the static
pressure of the air stream, -~ These spinner thrust correc-~
tions wore determined and applied as ‘a rowitine precaufion
wvhich has been found particularly important when large &pin-
ners are used; in the present instance, their e¥fects upon
the final results were inconseguential, ’

Efficiencies were calculated in accordiance with the -
relationship : Lol e ey

(Cp/0p) (V/D) o o
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For c¢he fairing of the peaks of the efficiency curves, aldi-
tional guildance was furnished by auxiliary efficiency values
which were computed by use of the coordinates of OCOp and

Cp against V/aD curves as faired on large-scele Cartesian

charts,

Some few data have been reduced to the form of thrusi-
power coefficients, The equation

Gpp = M Cp

.defines the relatlonship between the thrust (or effective)

and ordinary (or brake) power coefficients.
RESULTS

For purposes of illustration, complete numerical data
for one of the 14 models which were studied are included in
this report. These test results, which pertain to lModel
U-36, will be found in tables I to V; similar data for tho
other models, presented herein only in graphical form, may
be obtained on loan from the Office of Aeronautical Intelli-
genco, NACA, Washington, D. C.

Tha test results were originally plotted in the form
illustrated by figure 7., This ies a photograph of a largs
chart the logarithmic scales of which have moduli of 10
inches, The example chosen for reproduction contains all
the data included in tables I to V. 1In figures B tao 21,
the characteristiecs of all 14 models are reproduced from
tracings of charte similar to figure 7.

These primary charts depict, of course, the character-
istics of propellers with fixed pitch settings and are, coOn-
sequently, of little direct use for analysis of the merits
of the various types of blade under the gonditions of
constantwspeed operation., It has, therefore, been neces-
sary to devise new gispnical methods of comparison in order
that the results of these tests may be viewed from the stand-
point of operation at constant values of OCOp rather than

that of fized blade angles. Charts of form appropriate %o
this purpose have been derived from figurcs 8 to 21; thelr
preparation will be outlined as they are referred to 1n the
following section. . T
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5CUSSION

ur

DI

Blade Shank Form

Perhaps the most imporitant fact brought 50 light by the
study of blcode shank form is the marked superiority of
faired shanks over round ones. This will become apparent if
an inspection is made first of the efficiency curves of figz-
ure 8, which refer %0 the round-shank prototype, Hodel P,
and then the corresponrnding curves of figures 9 o0 13, which
illustrate the characteristics of those with faired shanks,
I{Odels PG' PCI{' PGS’ Pcl' and PCB. :

Detailed examiration. of these figLres W1ll reveal that

the effect of fairing the blade shanks 1is to augmen: both “h__f—f

the power and thrust coefficients which ¢O6¥respond to given
pitch settings. The improvement of efficiency 1s, of course,
the result of the greater proportional ingrease of thrust

than of power. This quantitative relatiolship may be readily

confirmed by reference %0 the logarithmic charts (figs. 8 1o
13) Pecause, in this form of plotting, proportionate changes
of unequal ordinates are characterized by edial vertical dis-
placenents of points, It will be observed that the differ-~
ences between the characteristics of bladgs with round anéd

faired shanks hecome progressively greatd? as the pltch 1s
incroased,

Envelope efficiency curves, traced from figures 8 to 13,
are shown in figures 22 and 23, There it muy be seen that’
the improvement of peak efficiency due to fairing increases
with the advance ratio and attalins a value of: approximately
one-seventh, or.10 percent, when V/nD = 3.0, It wili be
noted, however, that the envelope curves for the models with
various forme of faired shanks differ so slightly that i%
has been necessary to separate them into Ey groups8 in oxder
that they may be distinguished at all. Imspite this approx-
imate coincidence of the envelope efficiency curves, it is
quite unwarranted to conclude that variation of the form of
shank fairing has a negligible effect upon_tne characterig-
tics of a propeller. These loss obvioui dfffersnces ars not
roadily distinguishable in charts whichpdriray the charac-
toristics of blades with fixed pltoh se 1n€5' t0 exposo
them, it has boon nccessary to develop tiG Gonstantnspocd
efficiency chart" which is described belon

-iTﬂ‘

LY
|
|
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The characteristic which distinguishes the operation of
a constant-speed propeller is that at a given altitude and
under specific conditions of engine operation (i.e., fixed
values of imp and rpm and, hence, bhp), the power coeffi-
cient Op remains constant while the alvspeed and advance

ratio may vary throughout the take-off, ¢limb, level £1i, ht
and diving regimes, It thus appears that the relative mer_ts
of different forms of propeller blades intcnded for constant-
speecd operation can be fairly appraised only by comparing
the efficiencies which they attain while operating at eqﬂal
values of the power coefficient and over wilde ranges of V,nD
The maintonance of a constant~power cogfficient under such
conditions implies, of course, corresponding variations of
the pitch setting; this is accomplished in flight by the
action of the constant~speed governor but it can be effec~
tively accomplished in the laboratory by deriving appropri-
ate curves from the results obtained by testing models at
several fixed pitch settings. R

The method of preparing such curves is illustrated by
figure 27, Experimental results are represented by curves
of Op against V/nD and centours of equal efficiency. 3By

drawing horizontal lines across these contours at gselscted
values of Op, the values of V/nD at which the "contour

values" of efficiency will be attained are determined Dby the
positions of the intersections. Thus the curves designated
"n, Op = constant! are constructed simply Dby plotting the

consour values of efficiency as ordinates at the abscissas
of the corresponding intersections., Each of these curves
therefore defines the efficiency which will be attzired when
the pitch is so adjusted as to maintain OCp at a constant

value while the advance ratio varies,

The constant-speed efficieancy curves for the four mod-
els which have thick shanks are compared in figure 28, In
the upper chart, the characterigtics of the round-shank
blades, llodel P, are compared with those of the blades which
incorporate the primitive thick, wide cuffs, ifodel Pg. It

ls now clearly sesvident that the improvement of sefficiency
under optimum (envelope) conditions is accompanied by sub—*
stantial 1mprovements under 2ll other operating conditions
included in these testss The readerls attention is called
to the nonunlformlty 0f the iaprovement a% various values of
Cp and " V/uD.
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Since all the models with faired shanks excel liodel P,
the characteristics of Model PG have been selscted as the

basis for subsequent comparisons, Thus, in the middle chart
of figure 28, it is seen that the curves for MHodel Pgy super-

imposed upon those of Model Pg. In this case, the only 4if-
ferences of any consequence are confined to the curves for
Cp = Ce5 and 0,7, As previously indicated by the envelope

curves, Hodel Pog develops slightly higher peak efficiencies

at large values of 7V/nD, but this is offset somewhat by tho
superiority of Model Py at the reduced values of V/nD*
which would be utilized in climbing flight vhen OCp = 0.5,

Attention is also called to the discontinuity in the effi-
ciency curve of Model Pg for Op = 0,7; this undesirable
characteristic constitutes an ample reason for rejecting
Model Pg in favor of Model Pgy which reproduces practically

8ll the desirable characteristics of the forner., , e —

Although the origin of the discontinuities which char~
acterize the curves for Hodel PG (with KLp = 0,7 or Bo 753

= 60°) cannot be positively identified in the absence of
wake survey data, there can be little doudt that the large =
angle of twist incorporated. in this blade design is the e
basic cause of the irregularity. When the blades with B :
faired shanks are set to 60° at O0,75R, the pitch angles of
the elements at the surface of the spinner are '

ilodesl PG PCH PGS PCl PCZ

B (at spinner, deg) 102 90 86 99 91
Examination of the 60° Cp curve of figures 9 to 13 will re-
veal that & marked effect ¢f increasing the angle. of tw1st
is to depress that portion of the Op curve which lies 0
the left of the peak. This is particularly evident in the
case of Models Pg; and Pgg, which differ only in cuff pitch

angles, A considerable part of this reduction of tarust is
believed to be the result of stalling of the shank elements =
and it would appear obvious that the adversce effect of rear— -

ward rotation of the resultant force vectors must 1ncrease__—jf?;

*The phrase "at reduced values of V/nD'" will be used,
hereafter, to designate thc ranges of advance ratio bleyh
the values at which peak efficicncies ocour, T T T
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as the blade angles of the shank elements progress beyonu
90° In the case of liodel Pg, the stalling of the shank is.
probably delayed by the increased induced wvelocities arising
from the greater cuff width, but it is interesting to note
that when the stall does occur, OCp drops to a level as 1ow

as that attained by the other highly twisted blade, Hodel
Pgy. These considerations indicate the desirability of

avoiding excessive angles in the des;gn of cuffs for blades
which are to operate at high pitch settings., '

Re'suming, now, comparison of the various tyves of blade,
the characteristics of Model PCS will be found superlimposed

upon those of Hodel Py in ,the lower chart of figure 28. The B
inferiority of Hodel *CS' at all but the lowest power coele—ﬁi

clent, is quite apparent uporn inspection of the curves, _
Since the only difference between the blades of Hodels Psg

and Pgy was presumed to be the slight divergence between

taeir twist curves which is illustrated by figure 6, the 1n-' -
feriority of the performance of liodel PGS scemsed rather stdr- :

prising until it was discovered that, through some error of -—
-manufacture, the cuff profiles of Model Pgg deviated seri~ o
ously from the spocificd forms. This fact is believed to ox-
pPlain nost of thae difforence betwoen the characteristics of
liodels PGS and Pch.

The characteristics of iiodels Pg; and ch, which have -

thin faeired shanks and a somewhat larger design pitech than
the thick-cuwff models, are compared with those of lodel R -

in figure 29, OClose inspection shows that Iodel Po1 is 1ni; TP -
consequentially superior to Hodel Py ander any conditioni A

whereas Model Py is by far the better under the conditions
for climbd at moderate and high powers. The beneficial ef~-
fects of reducing the pitch angles of the faired shank pro-
files is shown by the curves for liodel PCB' It is note- e

13
il

worthy that efficiency is improved very considerably fd? ﬁhq
larger values of Cp and reduced but little when "Cp 1is

small, However, even the liodel Pgs docs attain officienc{qi
which, at large valuesg of V/nD slightly oxceed thoseo of '
¥odel Ppg, the greater supsriority of Hodol ch at reducod

values of V/aD would appcar to outwoigh the limitod high-
gpoed advantage of ilodol Pagp In this connection, i1t should
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1
be remembered that V,,, varies approximately with n‘@;

whereas the rate of climb varies in larger proportion than
does T,

The differences between the characteristics of thse
blades with thick and thin faired shanks appear to be con-
sistent with the properties of the shank profiles, The 16—
series profiles used for the thin shanks are known to be

characterized by comparatively small values of -GLmax as

well as Oppin. The influenées of COppip, Wwould be expected ;
to be beneficial when the shank elements operate at the {
small or moderate angles of attack at which maximum effi- _
ciencies are attained. On the other hand, as V/nD is re- ;o
duced and the angles of attack inereased, it is to be ex-
pected that flow separation from the thin 16-series shanks
will accur before the thicker Clark ¥ profiles stall, and

that the efficiencies of the thin-cuff models will therefore
be inferior at reduced values of V/aD,

:
E-_. .
1y
1

It is emphasized that the foregoing explanation does
not imply that thick cuffs are inherently superior to thin
ones, On the contrary, there is every reason to believe
that for operation at high Hach numbers, thickness should be
minimized insofar as is compatible with adequate strength
and reasonably large maximum 1ift coefficients,

Before proceeding to the discussion of the other phase_
of the investigation, the principal findings of the study of -
blade shank form are summarized herewith; i o

l. The efficiencies of constant~speed propellers can
be materially 1mproved by the substitution of faired shanks _
for round ones, T

2« The design pitch angles of the shank ssctions should
be so chosen that the operating pitch angles of the elements
outside of the spinnser will not subsbtantially oxceed 90°,

3. The use of shanit profilcs characterized by small
valuos of Opp.x appears undesirable. : 4

.

Pitch Distribution

Uniform pitch,~ The fixed blade angloe characteristics
of tho four models of the U-series, illustrated by figures
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14 to 17, are as remarkable for features of close resem-
blance as they are for divergences. One rather surprising

resemblance is seen in the vower coscfficient curves; it is o

apparent that as long as tho dosign pitch ratio is uniform,
its value may be wvarlied between wide limits without seri-
ously influencing the forms or positions of the curves of
Op against V/nD which correspond to given blade settings

at 0,75R, ZEqually ovident, however, arc tho marked diffor-
ences of form exhibited by the thrust coefficient curves for
the four models. But even in this case, it will be noted
that the major differences arc confincd to thosc portions of
the curves which represent partially or fully stalled opera-
tion of the blades. Examinatlion will show that as the de-~
sign pitch angle is increased from 36° to 60° - that is, as
the angle of twist 1s reduced - the valleys which charactor-
ize the low V/nD scctions of tho thrust curves for largo
blado anglos arc progrossivoly f£illod up.

These varied characteristics combine to yield effi-
eiency curves which differ somewhat in form but define senve-
lopes which deviate by the romarkably small amounts shown in
figure 24, Interesting features of these curves are the
relatively high efficiency of Model U~860 at both extremes of
the V/nD range, its uniquely low eofficiency in tho middle
range, the inefficiency of Hodel U-48 at small values of
V/nD, and the apparent tendency for the models of this group
to assume, at very large advanco ratios, an order of merit
idontical with the order of magnitude of thoir dosign pitch
ratios. .

When the constant-speed efficiency curves of figure 30
are compared, 1t is apparent that Model U~-24 is slightly,
but clearly, superior to the other throo membors of the
U-series under a large majority of operating conditions, To
be sure, Model U-60 sxcels all the others within a limited
range Of the advance ratio when the power coefficioent is
largoe and Model U~-48 attains alightly higher pealk effl- T
ciencies at values of V/nD Ybetween 3 and 3.5, but it ap=
pears that these are the only conditions under whlch the
curves for Hodel U~24 are not elther equal or superior to
those of a2ll the other uniform piteh models, T

Nonuniform pitch.- A considerable degree of resemblance

is to be seen between the fixed-blade- angle characterlstlcs

of the uniform pitch (U~series) and fractional envolope
(E~sorios) blados. Roforonco to figures 18 to 20 revoals
that as tho total anglo of twist within the length of the
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blade is reduced in the transformation from Model 0.8FE to
Model 0,4E (fig. 6), the asrodynamic characteristics are al-
tered in a manner which resembles that previously clted in
connection with the somewhat similar reduction of twist
which occurred as the uniform design pltch was increased.
(See fig, 4,) The similarity is most noticeable in the pro-
gressive filling up of the deeyp valleys Just to the left of
the peaks of the thrust coefficisnt curves for Bo.7sR"=“60°

and (fig. 3l) in the straightening of the rising portions of
the effigiency curves and lowering of their peaks. As the
twist curve for the fourth set of nonuniform pitch blades,
Model Py,(B)*, is more nearly similar to that for Model O0,8E

than to0 those of the other members of the Z-geries; it is
not surprising that comparison of figures 20 and 21 reveals
relatively small differences between their characteristics
for equael blade settings.

It will be seen in figure 25 that the envelope effi-
ciency curves for the nonuniform pitch propellers are much
mors widely separated than those for the uniform pitch group.
The progressive depression of the envelope with reduction of
the angle of twist incorporated in the blade is consistent
with the results of the U~series tests, The fact that the
envelope for Model 0,4E is even lower than that for Model
U~60 is easlly understood when the ordinates of their twist
curves are compared. (See figs, 4 and 6,) The inferiority
of the envelope efficiency of Model Pgs(3) at low values of

V/oD is ascribed to the excessive twist in the outer por-
tions of the blades of this type; the same influence is dis-
cernible in the envelopes for the blades of uniform pitch,

The constant-speed efficiency curves of figure 31 _
(upper and middle charts) reveal that the effect of reducing
blade twist 1s to augment the efficiencies developed at low
values of V/nD, particularly when GP is large, but at the

expensge 0f serlous efficiency reductions in the range of

advance ratio which would be utilized for normal climdbing -
and level fiight, In other words, the curves of T against
V/nD for given values of Op are "straightened" ~ that is,

the characteristic concavity of the rising slope is elimi-
nated ~ by elevation of the lower portions and depression of
the upper ones, However, 1f the curves for equal values of

RO -y

*(3) indicates three blades, as in other models of U-
and B-series,
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Cp are compared, it will be seen that Model 0,8E is more

efficient than either Model C,6F or 0.4E at all values of
V/nD greater than 0.6 (V/nD) for maximum efficiency. I%
thus appoars that blades which incorporate relativoly small
angles of twigt are, under normal conditions of flight, in-
ferior to otherwise similar blades the twist curves of which
more closely approach the snvelope form. It will be seen, 1
also, that selection of one of the slightly twisted blades
with the object of improving take-off at large values of OCp
would entail disproportionately large sacrifices of normal
flight performance. )

The lower chart of figure 31 shows that nonuniform
pitch blades of the type Pgo arse inferior %o those of

Model 0.8E under all conditions in which their charactgrié;-
tics differ appreciably., Tests of Model Pgg(3) were added

to the original program for the investigation of pitch dis-~
tribution when 1t was found that tho four-blade model of
this type developed higher efficiencies than the uniform
pitch type Pgy. However, figure 31 conclusively demon-

strates that mere reduction of the pitch of the inner por-
tion of & uniform pitch blade (B'p,psy = 33°, approx.) does

not result in efficiencies guite as great as those obtained
with blades of the type O0.8E. _

Comparison of uniform and nonuniform bitch.— It has

been pointed out that, when viewed from the standpoint of
constant-speed operation, Models U-24 and O.8E are, respec-
tively, the best of the uniform and nonuniform pitch types
tested., The characteristics of these two models will now be
comnpared, and an effort will be made to determine the
'sources Of thelr superioristy.

The constant-speed efficiency curves for Model O,8E are
superimposed upon those of Model U-24 in figure 32, While
nelther set of curves is superior to the other under .all -’
conditions, it is clear that Model 0.8E attains the higher
efficiencies at both extremes of the V/nD range (see enve-
lopes, fig. 26) and, at intermediate advance ratios, its
superiority at high power coefficients appears at least %o
balance its inferiority at low ones, It is therefore con-
cluded that the pitch distridution incorporated in Model
0.8% is slightly better suited to the conditions of constant-
speed operation in the absence of body interference than are
those of any of the other models tested. The relatively
glight susceptibility to body interference of blades with
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washed-out roots (reference 6) makes it reasonable to assums
that thig superiority would be augmented In the presence Of
an interfering body,

As a preliminary step toward isolation of the character-~
istices of pitch distribution which underlie the superiority

of Hodels U-24 and 0,8E, it may be of interest to ‘compare "~

the efficiencies actually attained by models of large and
tum theory. Previous comparisons of this kind have involved
the preparation of an individual chart for each wvalue of the
power coefficlent bPecause the ideal efficiency depends upon
both Op and V/nD as indicated by the squation

ne [szva npV>D? _} m (}L 2 (2)
len T 2nk 21

This complication can be eliminated, however, and a much
more comprehensive comparison can be made in & single chart -
when it is recognized that the ideal sfficieney is com- T
pletely determined by tho wvalue of the parameter
(V/aD) Cp~¥ - that is, e

(Vv/uD) Cp_yg = 0 (2/11(1-?1)):‘1/:5 (3)

Thus, in figure 33, use of (V/aD) nys as the independent

variable enables representation of the ideal efficlency for
all values of Op by o single curve and plotting of the

actual constant-speed efficiencies to this same scale of ab-
scissas yicelds a vory clear illustration of the influoenco of
GP upon tho relationship between actual and ideal qfficion—

cios.

The actual efficlencies are seen t0 be of the order of
90 percent of the ideal ones throughout a wide range of ad-
vance ratio when the power coefficient is small, dbut as Op

increases the ideal valuos are closely approached only with-
in vory limited ranges. The large discrepancies which ap-
pear under the latter conditions are, of course, the conse-
quences of stelling of major portions of the blades as the
blade angles and angles of attack increase. While these
curves show that blades of large and small design pitch do
not attain equal fractioms of the ideal efficlency under
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comparable conditions, and that they exhibit very different
stalling characteristics, it is apparent that, for quantita-
tlve analysis of guch differences as these, informatlion con-
cerning the masgnitude and distribution of the angles of at-
tack will be resquired,

Such data have been obtained for all the models in-
volved in the study of pitch distribution. The angle-of-at-
tack curves which appear in figures 37 and 38 correspond %o
representative conditions of climbing and level flight; they
were prepared as follows: The straight line designated I in
figure 27 approximates the mean of the curves which connect
the maximum efficiency points of the fixed-blade- angle curves
of Cp sagainst V/nD for the elght models uscd in the pitch

invostigation, The parallel line II defines valuss of V¥/nD
which, at given values of Cp, are 0.8 of those for line I,
Reproduction of these lines on figures 14 to 21 furnished the
corresponding values of Cp and P vwhich define the curves
of figures 34 and 35, Finally, the bPlade angles required
for the development of Op = 0.5, 0.2, and 0,05 at the val-
unes of V/nD defined by lines I and II were read from fig-

ures 34 and 35, Knowledge of the blade settings, twis?d char—‘

acteristics, and advance ratios enabled detormination oOf the
radial distribution of blade anglos (B'), advance angles (@),
and angles of attack (o) as illustrated by figure 36. The
results - of these calculations are summarized graphically in
figures 37 and 38; attention is called to the use of the
1ift axis as the reference line for measurement of the an-
gles of attack defined by these curves.

To facilitate the establishment of a basis of correla-
tion between efficiency and angle-of-attack distridbution,
the most pertinent data have been tabulated in table VI,
There will be found tho maximum and minimum values of tho
angle of sttack (0,05 < r/R < 0,95), their difference, and
the efficiency developed by each model under sach of the six
selected condlitions of comparison: namely,

1 -
“ -l
*.1

[

Cp 0.5 0.2 0.05 .
V/aD (I) 2,85 1,80 0.90
v/aD (II) 1.71 1,08 0.54

Before examining thesc data in detail, it may be well
t0o call attention to one special feature of figures 37 and
8; it is that when Op = 0.5 and V/nD = 1,71, the values
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of « for all eight models substantially exceed the criti-
cal ones for normal airfoils - that is, major portions of

all the blades are fully stalled, It would therefore seem
prudent to exclude this condition from the present counsidera-
tion until a satisfactory enalysis of unstalled operation
has been obtained and then to consider this one as a special
casgse,

When the corresponding values of Aa and n for the
several models are compared, one unmistakable qualitative
relationship becomes apparent at once: Under sach of the
five conditions of unstalled operation, the model character-_
ized by the largest value of Aa is least efficient, (Bx-
amination of figs, 37 and 38 reveals that the inner poritions
of these least efficient blades (Model 0,.4B) operate at nog-
ative angles of attack,) It is alsc indicated, although not
guite 80 clearly, that there is a general tendency for n
to increase as Aa decreaszes. R

Clear-cut evidence of the influence of Ao upon n
will be found in figure 39, In the three high-speed condi-’
tions, which represent operation approximately at the peaks
of the efficlency ocurves for Op = 0.5, 0.2, and 0,05, the

value of M 18 seen to improve continuously as Aa ap=-
proaches zZero. This is also true of the climbing condition,
Op = 0.8 and V/nD = 1,08, but when Op = 0,06 and V/nD

= 0,64, both Aa and n wvary so slightly that the influ-
ence 0of Ao appears to become irregular in the case 0f the
models of the U-series, 1In general, however, 1t is quitse
evident that for unstalled operation the most desirable form
of piltch distribution is the one which leads t0 the smallest
varliaticn of the anglse of attack along the blade,. -

Turning, now, to the special case of climb at high
power (CP = 0,56, V/nD = 1.71), an explanation must be

sought of the marked superiority of the envelope type hlades
over those of uniform piteh, The clue is found in the
curves of figures 37 and 38, The least efficient blades are
characterized by large and substantially uniform angles of
attack throughout the lengths of the blades; whereas the
most efficient bPlades are those in which the angles of attack
of the linner elements are much smaller than those of the
outer ones. Since the outer eclements of the nonuniform
piteh blades attain even larger angles of attack than do the
corresponding ones of the uniform pitch models, the develop=~
ment of greater efficiencies by the nonuniform pitch blades
forces the conclusion that the beneficial effect of
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maintaining continuvous flow over the inner portions of these
blades outweighs the adverse consequences of the associated
more complete stalling of thelr tips.

In figure 39, idontification of the points which repre-
sent the various models enables recognition of an Interest-
ing difference between the behavior of the two families of
blades which have uniform and nonuniform design pitches. I%
will be seen that among the envelope type blades, Model 0,8E
has the least, and Model 0.43 has the greatest, value of 4o
under all conditions., On the other hand, the values of Aa
for the uniform pltch blades do not maintaln a fixed order -
that is, as V/nD assumes the values 0.90, 1,80, and 2,85 -
the modols which oxhibit the smallest valucs of Ao are,
respectively, U=24, U~36, and U-48, The variations of Ac
with V/aD for the models of the U- and E-series are illus-
trated by figure 40, The implications of this dissimilarity
merit serious consideration in the selsction of the optimun
pitch distribution for constant-speed propellers which nmust
operate over wide ranges of both Cp and V/aD.

Although the relationship exhibited by the models of
the E=geries in figure 39 indicates that Aa might be fur-
ther reduced, and N theredby improved, by the use of blades
of envelope form - that is, a "Model 1.,0Z" ~ the shifting
order of merit of the models of the U-~sories makes 1t diffi-
cult t0 visualize the properties of intermediate members of
this group. To enable reasonably accurate estimation in
both cases, the data of figure 40 have been replotted in the
alternative form of figure 41. From thege curves, the ex-
trapolated and interpolated values of Ao for the nonexist-
ent Kodels 1,0E, U-30, and U-42 have been transferred back
to figure 40 where the corresponding curves of Aa against
V/nD arc shown as broken lines. Triangular and arrow-shapo
symbols in figure 39 identify the anticipated officioncios
of such models, .

The close proximity of the arrows to the maximums of
the curves of mn against Aa, as compared with the infe-
rior locations of the triangles of either kind, clearly in-= =
dicates that: The envelope pitch distribution is superior
to any uniform one for the blades of a constant-speed pro-
peller which experiences negligidle body lnterference. o

Since the criterion of uniformity of the angles of
attack leads to the foregoing conclusion, it would appear to
dictate, also, the following corollary: The envelope form
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of Blade twist should be modified by the introduction of suf-
flcient root washout to compensate for the local reduction
of veloclty when body interference is present.¥ :

Influences of 3lade Loading and Number of Blades

Although the original plan for the present invostiga-
tion included no treatment of this question, the tosting of
models which had both three and four blades of the same form
(Pgs) offers an opportunity to add to the meager store of

existing knowledge concerning the offects of augmenting pro-
peller solidity by increasing the number of blades,

Bxperimentally determined efficlsncies for these two
models are compared with the ideal values in figure 42, It
will be observed that the experimental curves for both typos
closely approach the ideal one throughout a wide range of
¥/nD whon OCp 4is small, but that thoy fall far bolow it

everywhere outslde of & very limited range when CP becomes

large. Of at least equal importance is the fact that the
adverse effects of increasing Op are much grcater with

three blades than with four.

Since the momentum theory predicts no change of effi-
ciency so long as . Op and V/nD remain fixed (equation

(3)), it is apparent that the advantages of the four-blade
type can result only from reduction of the. forces on the in-
dividual blades., The almost exclusive control of efficiency
by blade loading and the absence of any consequential effect
of the actual number of blades is eclearly shown by figure 43,
There it appears that propellers which have different num-
bers of blades of a common form abttain practically idoentical
fractions of the corresponding ideal efficiencies (ﬂ/ﬂi)

when the loadings of their individual_bladéé. (0p/B) are
the same at equal values of V/nD, '

Phis interesting relgtionship not only furnishes a con-
venient basies for prediction of the effect of altering so-
1idity by changing the number of blades but emphasizes the
far greater importance of blade loading than of disk loading
at present levoels of design practice, It also indicates

*The beneficial effects 0f so modifying blades of uni-
form design pitch were pointed out long ago in reference. 6.
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that the serious impairment of efficiency at reduced values
of V/aD which results from excessive blade loading can be
avoided - witbout appreciable penaliy at large advance ra-
t10s = by increasing solidity by the addition of blades.
Further discussion of this subject will be found in the ap-
pondix,

CONCLUSIONS

The investigation of blade shank form has shown thatt

.1, Propulsive efficieney is substantially improved by
the substitution of falred Plade shanks for round ones,

2s The shank sections should be g0 desligned that the
plteh angles of the exposed elements will not substantially
exceed 90 under any condition of operation.

3. The use of shank profiles characterized by small
values of OCpp.x appears undesirabls,

The most important facts revealed by the study of pitch
digtribution are:

4. Uniformity of the angles of attack along the blade
appears to be the best ceriterion of efficiency under condi~
tions of unstalled operation., It also appears that later
stalling of the root than the tip has a beneficial effect
upon the efficioncies attained at reduced values of V/nD,

5. Blades which incorporate small angles of twist in
their outer portions -~ that is, those of large uniform de-
sign pltch and those having small fractions of the "envelope
twist! « are so inefficient under the majority of normal
flight conditions as to make them unsuitable for use in
constant-speed propellers, . S

6« Oonversely, blades the twist curves of which ap-~
proach the envelope form exhibit the best constant-gpeed
performance characteristics,

7. Interpolation and extrapolation of the experimental
results indicate that the envelope form of pitch distribu-
tion is superior to any other for the blades of constant-
speed propellers which are t0 operate in tho absence of
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substantial body interference. It is believed that the in-
corporation of washout in the roots of such blades would
prove beneficigl when the veloclitles near the hub are re-
duced by interference.

Analysis of the effects of blade loading shows that:

8. Excessivo blade loading has soverc adverse offocts
upon effieciency at roduced advance ratios.

9, At oqual advancce ratios, propollers which havo dif-
feront numbers of blades of a common form attain substan-
tially equal fractions of tho corresponding ideal officlon~
clos whon tho loadings of their individual blados ars ecqual, '

Stanford University, '
Stanford University, Calif., March 20, 1943.

-
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APPENDIX

NOTE ON THE SELECTION OF PROPELLERS WITE

SPECIAL REFERENCE TO OVERLOADING

It is believed that the take-off, eclimb, and ceiling
characteristics of many inherently fine airplanes are being
needlessly impaired by the overloading of their propellers
under those conditions, The term "overloading" is used here
to denote the operation of propellers with blades of normal

width at excessively large values of power coefficient por
blade (Op/B); tho importanco of this paramoter is indicatod

by the fact that as its value increases, thrust horsepower
available for propulslion ceases t0 be even approximately
proportional to brake horsepower and may actually diminish
as the power input is further gugmented, o o
The existence of such a "regime of diminishing returns"
was poinbted out by the writer in 1840 bub, since that anal-
ysis vas appended to a still-confidential report, the objec-
tives of the present discussion arc to promote more goneoral
recognition and understanding of the phonomenon of overload-
ing and %0 discuss means for avoiding its adverso offocts,

To facilitate visualization of the efficiency of a
constant-speed propeller as a continuous function of the two
independent variables, Op and V/nD, the curves of figure

27 = which pertain to Model U-36 - have been cmbodied in tho
three~dimensional efficienecy model illustrated by figure D,
In this model, the vertical sides of the laminated block '
represent the limits of the experimental data; within those
limits, efficiency is represented by the height of the block,
The solid lines on the surface define the relationships
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between OCp and V/nD for various fixed pitch setting and :

the dot-and~dash line connects the highest points of the
constant~Cp sections, -

It will be seen that the surface of this modol is con-
tinuously convex in the region in which Cp 1is small but

that concavity of the low V/nD flank appoars at intormedi-
ate values and becomes very marked at values of OCp greater

than 0.2, This willl be recognized as the previously dis-
cussed effect of increasing the blade loading. Now, since
efficliency at large valuss of Op 1s seriously reducsd

everywhere outside of a narrow range of V/aD, it appears
that when brake horsepower input (pr0portional %o Cp) is

increased while V/nD remains constant, the thrust horse-
power available for propulsion (pronortional to nGP) may

increase in much smaller proportion if, 1ndeed it inereases
at all, However, as the effect of the varlatiOn of effi=-
ciency upon the relationship between brake and thrust powers
cannot readily be visualized by inspection of the simpls ef-
ficiency model, the supplementary thrust-power cocfficient
model shown in figure E has been consgtructed to illustrate
this most important characteristlc of a typical constant-
speed propeller.,

In figure E, the ordinates of the model represent the
effective~ or thrust-power coefficient, OCpp = nlp, as a
function of Op and V/aD. Since the coordinates of this
model aroc also logarithmic, the profiles of its constant-Cp
sections (fig, 45) are identical in form with the correspond-
ing ones of the effilciency model (fig. 27). Even more sig-
nificant, however, is the fact that these curves are identi-
cal in form and orientation with the logarithmic curves of
available thrust horsepower against velocity which correspond
to the same values of Op.

From the standpoint of overloading, the most signifi-
cant features of the shape of the thrust-power model are the
relatively small height of its left rear portion and the

Presence of a definlte transverse crest which is identified
by the dashed line designated d(nCp)/d3Cp = 0 in figure E.

Although the existence o0f this crest may be confirmed by ex-
amination of the curves of figure 45, 1%t is not unmistakadbly
apparent in figure E; visualization will therefore be
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facilitated by inspection of figure T, which is a photograph
made while the model was illuminsted by = beam of light the
rays of which were parallel to the Op axis, Here it may

be seen that all the surface behind the dashed "ecrest Line®
is in %otal darkness while the meager illumination of adja-
cent rogions indicate that vory small positive valuos of
B(nGP)/aGP prevall there., This partial shadow idontifies

the regime of severe overloading; whereas the total absencehu
of surface i1llumination indicates what may bes termed satura—
tion. . .
The potential performsnce of an airplane obviously will
not be realized if the values of V/nD and OCp which de- -

fine the operating conditions for its propeller correspond
t0 a point within the shadowed area of the modell!s surface.
In fact, operating conditions which involve. crossing the
orest line impose an impensitrable "propeller ceiling® upon
performance - that is, they place a definite limit wupon %the
thrust horsepower which may be developed even though the en-
gine power be indefinitely increased. - -

The projsction of the crest line for Modol U- 36 upon
the V/nD,0p plane is shown in figure 46, along with simi-
lar ceurves for the other modsls of uniform ‘dosign pitch,
Corresponding ocurves for the nonuniform-pitch models are
presented in figure 47. It may be correctly inferred from
the relation of the shadow fringe, in figure ¥, to the crest |
lino, in figure E, that although the best of the models
tested (0.8F and U- 24) are capable of efficient operation,
within limited ranges of V/nD, at values of Cp as great

as 0,6 %o 0,7, 1t would be a mistake to utilize them at

power coefficients much greater than 0.2 if 1,0 < V/nD< 1,5,
because close approach to the crest line at constant V/nD
must be interpreted as an increase of power input which
yields a disproportionately small return in the form of
thrust-power output. Since these models have three blades,
the corresponding blade power loading GP/B is approximatelJ

0,07, This value must not be considered applicable to blades
of all plan formsg but should be correlated with the activity
factor which, in the case of theso models, has the relatively
large value of 92,4, ’
The question now arises: How is inefficient operation
at reduced values of V/nD +to be avolded if, for example,
use of the largest diameter compatible with tip speed limi-
tations fails to eliminate the overloading of a propsller of
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the selected typel! Three aliternative methods of escaping
from this dilemma suggest themselves:

(a) Adopt a smaller drive gear ratio and an appropri-
ately larger propeller diameter, '

(b) Incrsase the number of blades of the originally
solcctod size and form,

(¢) Replacoc the originally sslected blades with an
equal number of wider ones.

When & suitable gear ratio is available, method (a) of-
fers a satisfactory esolution of the difficulty if the on-
larged dismeter can be accommodatsed. The desired result is

obtainod by reducing GP which causes the point represent—

ing the original oporating conditions to bec moved from a po-
sition closo t0 or bohind the crest line (figs. E, 45, and

46) to ono woll forward of it. The rosulting improvemcnt of
low speed efficiency in a specific case (Model Pga(3) has

been chosen to permit subsequent examination of solidity ef-
fects) may be seen in the curves for Cp = 0.4 and 0.3 in

figure 44, Since Cp varies with l/'.D2 when power input
and tip speed are fixod, such a reduction of OCp (0.4 to

0.3) would roquire a 15,5 percent incroase of diamocter. How-
ever, at V/nD = 1,0, the efficiency would rise from 0,403
to 0,532, a gain of 32 percent.,

The alternative method (b) whereby the reduction of
Cp/B is obtained through variation of B xrather than Op

may now be examined, In this case, 1mprovement is effectod
by modification of the propeller characteristics which cor-
respond to given values of V/anD and Cp. The origin and

character of such modifications may be readily visuallzed by
conslderation of figure E.

The effect of increasing the number of blades is sub-
stantially equivalent to displacing the thrust-power model
through equal distances* in the positive directions of the
Cp and n0p axes - that is, parallel to.a 45° line in the

Cp,n0p plane. The fact that =n/ny, rather than ‘m itself,

*The displacements which corrospond to the change from
three to four blades are ecual t0 the distances between the
0.3 and 0.4 divisions of the scales.
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is fixed by blade loading (fig. 43) would require minor disg~
tortions of the model to accompany such displacements in the
complete physical analogy, but for moderate changes of solid-
1ty %these are practically negligible when V/nD > 1.0> GPw

Thus interpreted, the effect of increasing thes number
of blades is to displace the model while the horizontal co-
ordinates (V/nD,Cp) of the point which represonts the op- e

erating conditions remain fixed, As the ordinate of the "
point (nCp) is that of the model's surface, it will in-

crease as the displacement forces the representative polnt
off the flat crest onto the steep forward slope, It will be
seen that the relative motion of the point with respect to
the model is, in thils simplified analogy, ldentical with
that for case (a). ' ’

Figure 44 shows that with V¥/nD = 1,0 and Cp = 0,4,
the efficiency of ¥odel Pgaa ‘{8 increased from 0,403 to O, 5223

by the addition of a fourth blade; the gain is 29,5 percent.

It is believed that a 33-percent increase of blade width -~ T
method (¢} - would producs an almost identical improvement

under tho same conditions. -7

The practically negligible difference betwsen the re~
sultes o0f increasing diameter and solidisty are particularly
interesting because the latter is advantagoous from the ’
standpoint of weight., If propeller weights vary with D3,
B, and blade width, the weights of the propellers require&
to reduce the blade loading in the ratio of 3:4 will te
(1.155)% W, = 1,54 W, for case (a) and 1,33 ¥, £for cascs

(v) and (e). 1I% thus aprears that despite themanantagés
heretofore ascribed to large diameters, it may prove desir-
able = at least under some conditions - to suppress over-
loading by increasing solidity rather than diameter.

It is hoped that the foregoing discussion may lead %o a
more general recognition and better understanding of the '
phenomena associated with overloading and thus éuable
cloarer analysis of individual propeller selection problems. _
The hazards of inaquuacy will bo multiplied as ongine ca- =
pacities and cellings increase: The utilization of power
coefficients as great as 046 is now in immediate prospect,
and it appears likely that this maximum may soon be doubled
if not tripled. With this outlook, it behooves the de-
gsigners of gll high-powered aircraft to considor carefully
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the case of the well-~known bomber the full load ceiling of
which was very substantially augmented by the simple expe-
dient 'of increasing the width of its propellor blades.
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TABLE I
Model U36 Three Blades B o,7er = 12°
Test No, 123 Tost No, 124
V/nD Cp Cp n V/xD Cp Cqp 7
0.614 | 0,0163 | 0,0108 | 0,411 0.593 | 0,0189 | 0,016¢ | 0.409
5735 | L0214 | ,0213 | 573 <552 | 40243 | ,0266 | .604
534 | ,0261| .0316| .B647 512 | 0283 | .0%62 | .636
.492 | .03%03 | ,0414 | .872 W47l | .0321 | ,0458 | 672
.449 | ,0339 | 0812 | .678 .434 | 0350 | .0536 | ,665
.408 | ,0365 | ,0892 | .662 304 | ,0378 | .0622 | .648
.370 | 0385 | ,0870 | .844 o357 | 40396 | JO70L | .632
.326 | ,0405 | 0754 | ,607 +306 | 0416 | .0790 | .581
.285 | ,0416 | .0818 | 4560 .268 | 0425 | .0843 | .532
.250 | ,0422 | ,0873 | .517 «218 | 0433 | .0919 | .465
208 | .0429 | .0930 | ,4B1
TABLE II
©
Model U36 Three Blades B 0.75R = 24
Test No, 127 Test No. 128
V/uD Cp Crp M V/oD Cp Cp 7
1,175 | 0,0163 | 0,0052 | 04375 1.149 | 0,0242 | 0,0127 | 0,603
1,121 | .0307 | .0192 | .701 1,095 | 0391 | ,0278 | o777
1.071 | ,0425 | ,0323 | .814 1,047 | ,0507 | .0402 | .830
1,018 | .0568 | .0473 | .848 «993 | 0618 | ,0526 | .845
.969 | 0679 | 0589 | .84l .843 | 0728 | .0858 | .852
o916 | JO774 | L0713 | .843 .890 | .0823 | .ove2 | .846
.861 | 0866 | .0841 | .838 839 | .0895 | ,0886 | .831
.813 | ,0922 | 0931 | .s821 .788 | 0948 | 0975 | .812
764 | 0961 | .0998 | .794 J737 | ,0984 | L1054 | ,789
.71l | .0988 | .1090 | .777 «686 | .1014 | 1126 | .764
.661 | .1029 | .1168 | .750 .631 | .1024 | .1211 | 732
.609 | .1047 | .1230 | .715 .585 | .1065 | .1261 | .699
.559 | 1065 | .1288 | .G76 .533 | 1079 | .1319 | .652
o507 | 1090 | 1341 | .624 479 | 3121 | .1®71 | .B86
o456 | 1145 | 1370 | .546 .434 | .1182 | 1378 | .506
<404 | .1235 | 1381 | .482 W381 | .1274 | .1408 | .421
o353 | 41286 | .1422 | .390 o326 | .1325 | .1440 | .353
«304 | ,1347 | .1453 | .328 .280 | .1367 | .1470 | .01
«251 | ,1400 | .1490 | 267
TABLE III
Model U36 B °
Three Blades B o.75r = 56
Test No, 13 Test No. 132
v/sD  Cp Cp n V/oD G Crp n
1,842 | 0,0388 | 0,0114 | 0,541 1.808 | 0,0498 | 0,0188 | 0,882
1778 | 10640 | 0264 | 4705 1,731 | .0790 | .0374 | 819
1.695 | .0913 | ,0453 | .841 1,663 | .1050 | 0542 | .8B8
1.621 | ,1185| .0632 | .865 1,586 | 1315 | 0726 | .876
1,561 | .1408 | 0794 | .a74 1.519 | .1500 | .0861 | .a72
1,477 | .1609 | 0082 | .874 1.445 | .1677 | .1010 | .870
1.397 | 1740 | 1076 | .864 1,267 | 1787 | .1121 | .858
1,323 | .1844 ! .1184 | .849 1,299 | 1891 | .1220 | .844
1,248 | 1936 | ,1287 | .830 1.218 | 1978 | .1333 | .e21
1,177 | 42014 | .1386 | .810 1.145 | 2051 | .1427 | .wow
1,103 | ,2085 | .1467 | 776 1,071 | .2123 | 1802 | .7s8
1,026 | .2169 | .1541 | .72¢ 1,006 | .2223 | .1662 | .706
.954 | .2270 | ,1553 | .83 +920 | .2336 | ,1549 | .810
«880 | .2850 | 1546 | .B79 0846 | .2385 | 1544 | .548
«B05 | .2420 | ,1556 | 517 «773 | .2495 | ,1561 | .484
J736 | .2499 | .1668 | .462 «700 | .2548 | 1577 | .434
+659 «2582 «1598 «408 «621 <2620 «1614 « 384
.589 | .2648 | .1630 | .363 o557 | .2660 | 1639 | .343
'Zig .g;%g .%ggg .g%g 473 | .2727 | .le76 | 291
- L] .401
.570 | .2818 | tivee | oow *2798 | 1716 | 245

3L
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TABLE IV
= o]
Model U36 Three Blades 8 o.78r = 48
Test, No. 135 Zest No, 156
V/uD Oy Cr 7 v/aD  Op Cry n
2,617 | 0.1904 | 0,057 | 0,785 . 2.883 | 0.2091 0.0888 1 0. 807
2.529 | .2236 | .0727 | .822 2,401 | 2448 | .0820 | 584
2,425 .zesg .gggg .ggg g-ggg ‘o7z | STies | .ses
2,330 | .2985 | . . <2821 . : ‘
2,228 | .3161 | .1217 | .858 2.179 .sgg% -%ggg '323
2-120 -3355 .1358 .851 2.070 .3-‘64 [ ] 1515 .856
1958 | 3ot | 188a | .83 1:978 | i5vee | .1ese | 7oL
1.817 | .37 . . . . . .
1.712 | 3836 | 1716 | .766 1.866 | 3686 ) L1782 | 743
1,615 | .3928 | .1718 | .708 1.85¢ | L3911 | L1669 | 667
1a508 | 2072 | 1838 "o7e 1ses | 8810 11560 | .557
1 405 .3 L] . . * *
1,304 | ,3814 | .1536 | .525 1.268 | L3812 | L1804 | .49
1.209 | .3844 | .1498 | ,471 1.160 | .3889 | 1000 | 447
.894 | L4101 | .,1873 | .343 -860 | 4175 +16058 | -252
820 | .4233| .1630 | .318 764 | .4299 "Io9 | 885
J711 | .4322 | L1675 | .276 -861 | L4385 | L1691 | .285
(601 | .4379| .1699 | .233 «5BO | .4438 | . .
.506 | 4430 | .1727 | .197
TABLE V
Model U386 Three Blades <} 0.7BR = 60°
Test No. 139 Test No. 140
V/nD Cp Cop n V/nD Cp Cop 7
3.626 | 0,6564 | 0,1420 | 0,784 3,790 | 0.6142 |0,1234 | 0,761
3.505 | .68774 | .1543 | ,798 3,706 | .6375 | 1333 | 775
3.34¢ | .6902 | .1648 | 798 3.571 | 6734 | ,1602 | .797
3.211 | ,6985 | ,1736 | 798 | .| 3.402 | .6876 | .1604 | .794
3,050 | 7089 | .1850 | ,796 3.267 | .6972 | .1710 | .801
2,907 | .7166 | ,1939 | 787 3.122 | 7026 | 1798 | .799
2,750 | .7098 | .1944 | 753 2.964 | 7096 | ,1903 | .795
2.607 | .7048 | .1942 | .718 2.839 | L7117 | ,1049 | 777
2.462 | ,6857 | .1839 | .660 2,684 | .709¢ | ,1984 | .750
2,330 | .8369 | ,1589 | .58l 2.528 | .6954 | ,1908 | .694
2,170 | 5791 | ,1274 | .477 2.396 | .6646 | ,1739 | .627
2,010 | ,5499 | .1117 | .408 2.241 | ,5983 | ,1387 | .520
1,873 | .5420 | .1081 | .374 2,096 | .5643 | ,1182 | .439
1,731 | ,5420 | ,1083 | .346 1.952 | .54B7 | .1104 | .395
1.580 | .5596 | ,1131 | ,319 1.800 | ,5410 | ,1083 | .360
1.450 | .5738 | .1186 | .300 1.662 | ,5494 | ,1106 | .335
1.312 | .5861 | ,1223 | .274 1.516 | .5653 | ,1156 | .310
1,160 | 6908 | ,1267 | .249 1.374 | .5809 | ,1203 | .285
1,024 | .5950 | ,1290 | .222 .1.218 | .5900 | ,1242 | ,256
874 | 5966 | 1354 | ,199 1.085 | .5914 | ,1267 | .232
.717 | L6950 | .1385 | .167 <940 | 5936 | .1297 | .205
.805 | .5978 | ,1381 | .186

-
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TABIE VI

Angles of Attack and Efficiencies for 3ix Representative
Conditions of Operation

(I} High Speed II) Climb
Op = 0.5 V/nD = 2,85 V/aD = 1,71
Mogdel "‘maxT Smin ba % Cnax | Omin | A% N
U24 20.,2| 7.4 | 12,8 |0.826 8§ 28.6| 21.5| 5.1 0,474
u36 16,7 | 8.0 | 8.7 | .835 § 23,8 | 25,4 0,1| 463
v4s 10,6 | 8.9 | 1.7 | 830 | 2344 | 16.4| 7.0 L511
U0 10,4 | 3.2 | 7.2 | .629 § 23.6| 8.3 163 | .626
0.4% 16,4 |w 3,0 | 1804 | 783 § 27.5 | 1.2 | 26.8 | B5y?
[ ]

0,6E 12,9 | 3.6 | 9.3 | .B19 § 26,7 | 8.8]17.1]° 88,0
0.8E 10.8| 7.3 | 3.5| .835 § 25.6| 15.8| 7.8] 54.6
Pool3) 9,6 | 6.6 | 30| .83 § 22.6| 11,7 !10,8 | 51,7

Cp = 0,2 V/oD = 1,80 V/nD = 1.08
v24 11,1 | 5.2 | 5.9 ]0.866 g 14,0 | 13.6| 0.4 ]0.702
U386 To6 | 6.7 | 0.9 | ¢B73 B 15.7 | 11.1| 4.8 | .788
748 e8| 1.3 | 6.0 | 873 § 15,5 | 4.4 |11.1 | .788
T60 8.9 |« 5.7 | 2404 | .837 F 151 |- 3.3|18.4| .754
0.4E 15,3 | ~12,2 | 25,7 | .71 § 17,0 |-11.0 28,0 | 7o
0,6E 11,2 |= 6,3 | 16,5 | .820 I 15.2 | = 3.6 | 18,8 | ,7E1
0.8E 91| 1.9 | 7.2 | .B62 § 14.5| 4.,3|10.2 | .781
Pao(3) 8ol |= 2.2 | 10.3 | 862 [ 15,5 | 0.7 | 12,8 | .781

Op = 0405 V/nD = 0,90 V/nD = 0,84
U24 5,5 | 3.7 | 1.8 [0.843 g5 13.3| 4.8] 8.5 |o.762
U36 7,0 | 1.2 | 5.8 | o833 H§ 14.5| 3.1 |11.4 | 751
U48 8.5 |= 5.2 | 11,7 | »811 B 12,7 | 2.6 | 10,1 | .74B
V60 5.8 |=12.7 | 18.5 | .820 N 10,4 | = 4,7 | 1541 | .782
0¢4E 7.2 | =19.9 | 27.1 | 773 8,5 | =118 | 2043 | 758
O.6E Beb |=12.4 | 17.9 | .806 8.5 | ~ 4.5 | 13,0 | 782
OQSE 5.0 - 5.3 10.5 .853 10.5 2.8 '7‘7 .771
paacs) Be7 |~ 846 | 15,3 | .825 12,0 |« 1,0 | 13,0 | ,747

Angles of attack are given in degrees
b2 = Qg ~ %qin



NACA TN No. 947 Fig. A

34

Figure A.- Model on dynamometer.
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Left to right

plan view.

Figure B.- Representative blades

PCl’ PCS, PC: P.



Figure C.- Representative blades - edge view. Left to right:
PCl; PCS, PC, Pt ’
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Figure D.- Efficiency model.
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Figure E.- Thrust power model.
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rig.

Figure F.- Thrust power model {showing definition of crest
by light beam).
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Plgure 4.~ Blade twist otrven - U aerles.
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5
R
Figurs 8.~ Blade twist curves - E series.
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Figure 37.- Radisl

distribution of a for six selected conditions.
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